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ABSTRACT 

A study is being conducted at the NASA Lewis 
Research Center to investigate the mechanism that 
causes free stream turbulence to increase heat transfer 
in Uie stagnation region of turbine vanes and blades. 
The work is being conducted in a wind tunnel at atmos- 
pheric conditions to facilitate measurements of turbu- 
lence and heat transfer. The model *'?e is scaled up 
to simulate Reynolds numbers (based on leading edge 
diameter) that are to be expected on a turbine blade 
leading edge. Reynolds numbers from 13 000 to 177 000 
were run in the present tests. 

Spanwise averaged heat transfer measurements with 
high and low turbulence have been made with "rough" and 
smooth surface stagnation regl— Results of these 
measurements show that the boundary layer remains lam- 
inar in character even in the presence of free stream 
turbulence at the Reynolds numbers tested. If rough- 
ness is added the boundary layer becomes transitional 
as evidenced by the heat transfer increase with 
increas’nq distance from the staqnation line. 

Hot wire measurements near the stagnation region 
downstream of an array of parallel wires has shown 
that vorticity in the form of mean velocity gradients 
is amplified as flow approaches the stagnation region. 
Circumferential traverses of a hot wire probe very near 
the surface of the cylinder have shown the fluctuating 
component of velocity chanqes in character depending 
on free stream turbulence and Reynolds number. 

Finally smoke wire flow visual ization and liquid 
crystal surface heat transfer visualization have been 
combined to show that, in the wake of an array of par- 
allel wires, heat transfer is a minimum in the wire 
wakes where the fluctuating component of velocity 
(local turbulence) was the highest. Heat transfer was 
found to be the hiqhest between pairs of vortices where 
the induced velocity is toward the cylinder surface. 

NOMENCLATURE 

D cylinder diameter, cm 
d rod diameter, cm 


e height of roughness element, cm 

h heat transfer coefficient, W/m? • "c 

q“ heat flux, W/m^ 

Re Reynolds number 

T temperature, K 

X distance measured upstream from forward staqnation 

line, cm 

z spanwise coordinate, cm 

e circumferential coordinate, deg 

INTRODUCTION 

In gas turbine blade design, prediction of stagna- 
tion reqion heat transfer is critical oecause heat flux 
is usually highest in this region. The heat transfer 
in the stagnation region can be predicted if the free 
stream flow is laminar (1). In the gas turbine, flows 
are highly turbulent with intensities in the range of 8 
to 15 oercent. If the turbulence intensity in the free 
stream is higher than say 1 percent, heat transfer in 
the stagnation region is augmented. 

Flow in the stagnation region of a turbine blade 
can be simulated by a cylinder in crossflow. There 
have been many experimental investigations of the 
"ffect of turbulence intensity on heat transfer to a 
cylinder in crossflow some of which are given in 
Refs. 2 fo 6. The bulk of these investigations have 
measured an increase in heat transfer in the stagnation 
region for some increased level of free stream turbu- 
lence and then tried to correlate the heat transfer 
increase to some parameter involving the turbulence 
intensity. This approach has had limited success. 
Trends are clearly present but there is great scatter 
in the data; particularly between the data of different 
researchers. 

The mathematical modeling of stagnation region 
flow has been divided into several areas. One set of 
modelers has attempted to utilize the two dimensional 
boundary layer equations and develop a turbulence model 
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that, tan predict the level of neat transfer (2,7,8). 

The results are a correlation of the mixinq lenqth or 
turbulent viscosity and Prandtl number with other flow 
parameters. 

A more plausible model of heat transfer augmenta- 
tion by free stream turbulence is the vortex stretching 
model. It is hypothesized that, as vortical filaments 
with components of their axes normal to the stagnation 
line and normal to the free stream flow are convected 
into the stagnation region, they are stretched and 
tilted due to the divergence of streamlines and accel- 
eration around the body. Through conservation of 
angular momentum, this stretchinq causes the vorticity 
to be intensified. This increased vorticity is hypoth- 
esized to be the cause of the augmented heat transfer 
in the stagnation region. Some examples of the work on 
this theory are given in Refs. 9 to 19 and a review of 
the work is qiven in Ref. IS. In Refs. 9 and 10 it was 
deduced that the mathmatical model allowed only turbu- 
lent eddies above a certain neutral scale to enter the 
Hiemenz flow. Ref. 16, boundary layer. Once inside the 
boundary layer, however, they could be broken down into 
smaller scale eddies by the action of viscosity. The 
three-dimensional vo. ticity tr nsport equations were 
solved for a free stream veloci.y that was periodic in 
the spanwise coordinate. This boundary condition 
supplied the vorticity to th_ stagnation region in an 
orientation which allowed it to be stretched by the 
mean flow. A few special cases where the period in 
velocity was near the neutral scale have been solved. 

It was found that the thermal boundary layer was much 
more sensitive tn external vorticity than the hydro- 
dynamic boundary layer. 

In Ref. 11 measurements of arid turbulence that 
contained eddies of all orientations near the stagna- 
tion point of a circular cylinder showed that pddies 
with scales much larger than ihe cylinder diameter are 
not amplified as trey approach the starvation point. 
Small scale eddies, however, were found to be amplified 
as they approached the cylinder. The measurements of 
Ref. 11 were external to toe boundary layer. In 
Rets. 1? and 13 a hotwir= was used to measure the am- 
plification of turbulence near the stagnation point of 
both a cylinder and an airfoil. The turbulence was 
produced by an upstream ar'av of parallel rods. 

Spectral measurements were then used to deduce a so 
called most amplified seal', flow visualization with 
smokp al.-.o showed a rpqular array of vortex pairs near 
the stagnation print, the array of vortex pairs was 
clearly outside the theoretical laminar boundary layer. 

In Ref. 14 vortex formation near the stagnation 
region of a bluff body from the wakps of an array of 
parallel wires placed uostream was studied. It was 
determined that there was a threshold for vortex forma- 
tion. If the wires were too far upstream or the 
Reynolds number was too small, no vortices were formed 
on the bluff body, 'leaf transfer augmentation in the 
stagnation region was found to increase sharply when 
vortices were formed. The size of the vortices was 
found to scale with the width of the upstream disturb- 
ance wake and not with boundary layer thickness. 

Calculations and measurements marie in Ref. 5 con- 
cluded that the boundary layer velocity profiles are 
essentially laminar even in the presence of free stream 
turbulence. The temperature field, however, was found 
more sensitive to free stream turbulence. This implies 
that heat transfer will be increased more than skin 
friction by free stream turbulence. 

In this paper a collection of experimental obser- 
vations will be assembled in order to construct a 
picture of this complex phenomenon. Spanwise average 
heat transfer data will be presented to show the effect 
of free stream turbulence and surface roughness on the 


condition (laminar or turbulent) of the thermal bound- 
ary layer. Hot wire measurements will be used to show 
how vorticity from mean velocity gradients is amplified 
as it approaches the stagnation region. Finally, a 
combination of flow visualization using the smoke wire 
technique and thermal visualization using liquid crys- 
tals will be used to show the relationship between 
vortex pairs produced by mean velocity gradients and 
the spanwise heat transfer distribution. 

APPARATUS 

Wind Tunnel 

A I I tests were conducted in the wind tunnel shown 
schematically in Fig. 1. Room air first -flowed through 
a turbulence dampinq screen with an 18x18 mesh of 
0.24 mm (0.0095 in) diameter wire. Large scale turbu- 
lence from the room was then broken up by flowing 
through a honeycomb of approximately 12 000 plastic 
soda straws which were 0.64 cm (0.25 in) in diameter by 
19.69 cm (7.75 in) long. The air then passed through a 
final damping screen identical to the first. A 4.85:1 
contraction (contraction in spanwise direction only) 
then accelerated the air entering the test section. 

The maximum velocity attainable in the test section was 
about 46 m/ . c (150 ft/sec) and the deer tunnel turbu- 
lence level was less than 0.5 percent at. all flow 
rates. 

The test section was 15.2 cm (6.0 in) wide by 

68.6 cm (27.0 in) high. The models wpre mounted hori- 
zontally in the tunnel. Hot wire surveys and smoke 
wire flow visualization indicated that the center 

7.6 cm (3.0 in) of the tunnel was free from turbulence 
generated by the sidewall boundary layer. All measure- 
ments were confined to this center region of the tunnel 
test section. 

After leavinq the test section, the flow passed 
through a transition section into a 10 in pipe, through 
two lonq radius elbows, a flow straiqhtener and into an 
orifice run. The orifice plate had a diameter of 
19.1 cm (7.5 in). The flow rates used in these tests 
were measured with this orifice. Air then passed 
throuah a 10 in butterfly valve which was used to con- 
trol the flow rate and then to the building altitude 
exhaust system. 

The temperature of the air entering the wind 
tunnel was measured by four exposed ball Chromel-Al urnel 
thermocouples around the perimeter of the inlet. These 
four temperatures were averaqed to give the total or 
stagnation temperature. 

Turbulence Generators 

For some of the high turbulence cases, a turbu- 
lence generating biplane grid of 0.318 cm (0.125 in) 
rods spaced 10 rod diameters apart was installed 79.6 
rod diameters upstream of the model leading edge. 

For the flow visualization tests and some of the heat 
transfer tests an array of parallel 0.051 cm (0.020 in) 
wires spaced 12.5 wire diameters apart were installed 
547.5 wire diameters (4.21 cylinder diameters) upstream 
of the model leading edge. For the spanwise hot wire 
traverses, the same parallel wire array was used fut 
the wires were spaced 37.5 wire diameters apart. 

Hot Wire 

“Turbulence measurements were made with a constant 
temperature hot wire anemometer. Signals were linear- 
ized and the mean component of velocity was read on an 
integrating digital voltmeter with an adjustable time 
constant. The fluctuating component was read on a true 
RMS voltmeter which also had an adjustable time con- 
stant. The hot wire probe was a 4x10"° meter diameter. 
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tungsten, single wire probe. The hot wire was cali- 
brated before each use in a free jet of air at nearly 
the same temperature (^1 *C) as the wind tunnel flow. 
The hot wire system frequency response was determined 
to be around 30 kHz by the standard square wave test. 

Turbulence scale was estimated using an autocor- 
relation of the hot wire signal. The autocorrelation 
was obtained on a dual channel fast Fourier transform 
( FFT) spectrum analyzer. The area under the autocor- 
relation function gave an integral time scale. This 
time scale was then multiplied by the mean velocity to 
obtain a measure of the integral length scale. 

Smoke Wire 

T low visualization was accomplished using the 
smoke wire technique described in Ref. 17. A 0.008 cm 
(0.003 in) wire was stretched across the tunnel 
parallel to the cylinder axis slightly below the stag- 
nation plane. The wire was coated with oil as recom- 
mended in Ref. 17 using a cotton swab. A timinq 
circuit was then used to start current flow to heat 
:he wire and vaporize the oil and, after an adjustable 
delay, fire a strobe light to expose the film. A 4 by 
5 graphic camera with a Polaroid back was used ini- 
tially to determine if all parameters were set 
correctly and that everything was working properly. A 
35 mm camera with telephoto lens and closeup attach- 
ments was then used to make high quality images of the 
flow and heat transfer patterns in the stagnation 
region. Two strobe lights were used, one from each 
side of the tunnel. It was found that the best light- 
ing angle for smoke visualization was at 90* from the 
viewing angle. This angle was not an optimum angle for 
the viewing of the liquid crystal models. As explained 
in Ref. 18 if the lighting angle and the viewing angle 
are not the same, there is a shift in color of the 
liquid crystal. Thus the simultaneous smoke and liquid 
crystal thermal visualization photographs can only be 
used to obtain qualitative heat transfer results. 

TEST SPECIMENS 

Sp anwise Averaged Heat Transfer 

Spanwise averaqed heat transfer coefficients were 
measured on a 6.6 cm (2.6 in) diameter cylinder. The 
cylinder was 15.2 cm (6 in) long and was made of wood. 
Figure 2 is a photoqraph of this model. Heat transfer 
coefficients around the circumference of the cylinder 
were measured using electrically heated copper strips. 
Each strip was 6.6 cm (2.6 in) long by 0.51 cm 
(0.21 in) wide and 0.318 cm (0.125 in) deep. A typical 
copper heat, flux gage is shown in Fig. 3. A Kapton 
encapsulated electric heater was fastened to the back 
of each copper strip with pressure sensitive adhesive. 

A stainless steel sheathed, closed, grounded ball, 
Chrome 1-Alumel thermocouple was soft soldered into a 
groove in each copper strip. The copper heat flux 
aages were embedded in the surface of the cylinder at 
10 intervals around the circumference. The average 
gap between copper strips was 0.10 cm (0.04 in) and was 
filled with epoxy. There were eight copper strips but 
only the inner six strips were used as measuring gages; 
tne outer two served as guard heaters to minimize heat 
loss by conduction. Guard heaters were also used on 
the ends of the copper strip qages as shown on Fig. 2. 

A guard heater was also used behind the measuring gages 
to stop radial heat conduction to the rear of the 
cylinder. A thin coat of lacquer was sprayed on the 
surface of the cylinder and the copper qaaes to keep 
the copper from oxidizing and changing emissivity. In 
operation the copper strips were maintained at a con- 
stant temperature by a controller described in Ref. 19. 


The data reduction technique used for the spanwise 
average model is also described in Ref. 19. 

For some of the tests with the spanwise average 
heat transfer model it was desired to investigate the 
effect of surface roughness. This was accomplished by 
spraying a coat of clear lacquer onto the model, sand 
was then sprinkled on the wet surface from an ordinary 
salt shaker. Another thin coat of lacquer then held 
the sand in place. A profilometer was used to try and 
measure the roughness but the roughness elements were 
too large for this instrument. An optical comparator 
was used to obtain an estimate of the roughness. The 
maximum height of any one roughness element was found 
to be 0.0572 cm (0.0225 in). The average height of 
the rouqhness elements above the surface was 0.033 cm 
(0.013 in) which gave a relative roughness, e/D - 
0.005. 

An afterbody was used with the cylinder for some 
tests to eliminate the alternate vortex <) edding from 
the rear of the cylinder. The afterbody consisted of 
a 6.08 cm (2.0 in) straight segment which was tangent 
to the cylinder surface 90* from the stagnation line. 

A 10* wedge then extended downstream and ended in a 
cylindrical trailinq edge 0.3175 cm (0.125 in) in 
diameter. 

Liquid Crystal Models 

~ "Spanwise variations in heat transfer coefficient 
were mapped using three different models which are 
shown in Fig. 4. One of the models is a cylinder with 
the same dimensions as the spanwise average heat trans- 
fer model. Another model had the same dimensions as 
the spanwise average model plus the afterbody and the 
third model was scaled to one-half the size of the 
spanwise average plus afterbody. 

All the liquid crystal models were constructed 
using the techniques ’n Ref. 18. Briefly, a heater 
element consisting of polyester sheet with a vapor 
deposited qold layer was fastened to the model Surface 
with double sided tape. Buss bars of copper foil were 
fastened to the heater edges parallel to the cylinder 
axis located at the rear of the cylinder. Silver 
conductive paint was used to improve electrical con- 
ductance between the copper foil and the gold. A com- 
mercially available plastic sheet which contained 
cholesteric liquid crystals was fastened over the 
heater with double sided tape. 

The qold heater was checked for uniformity in 
still air using the liquid crystal sheets to monitor 
temperature oradients. The liquid crystal was cali- 
brated in a water bath so the temperature of the yellow 
color was known. The yellow color was found to indi- 
cate a temperature of 54.8 + 0.2 *C (130.6 + 0.4 *F). 

In operation, the cylinder was heated by passing 
an electric current through the gold film. This sup- 
plied a uniform heat flux at the surface of the cylin- 
der. Electric power to the model was adjusted so that 
the area of interests on the surface turned a yellow 
color. Neglecting radiation and conduction losses 
which are small, the heat transfer coefficient can be 
computed as: 



Thus the yellow color traces an iso-neat transfer 
coefficient contour on the model. 

T raversing Cylinder 

turbulence measurements near the surface of the 
cylinder were made using the cylinder shown in Fig. 5. 
This cylinder was made of wood and had a hole drilled 
through the cylinder along a diameter. A hot wire 
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probe could be inserted through this hole and posi- 
tioned very close to the surface. The area around 
the hot wire prongs was filled in with modeling clay 
to match the contour of the cylinder. The hot wire 
cylinder extended through holes in the tunnel walls; 
felt was used as a seal between the cylinder and the 
walls. The cylinder could thus be traversed axially 
across the tunnel span or rotated about its axis 
carrying the hot wire with it. 

ERROR ANALYSIS 

An error analysis was performed for each of the 
spanwise average heat transfer data points by the 
method of Kline and McClintock (Ref. 20). The average 
error for all the data points was found to be 5.7 
percent and the maximum error for any one data point 
was 7.8 percent. Error estimates of the hot wire and 
liguid crystal data were not made. 

RESULTS AND DISCUSSION 

In this section, spanwise average heat transfer 
distributions around a circular cylinder in cross 
flow will be presented for high and low free stream 
turbulence. The effect of surface rouqhness will 
also be presented for both high and low free stream 
turbulence. Hot wire measurements will be presented 
to demonstrate amplification of vorticity in the free 
stream as the flow approaches the stagnation region. 
Finally, flow visualization and thermal visualization 
will be combined to show the relationship between 
vortex pairs formed in the stagnation region and span- 
wise variations in surface heat transfer. 

Spanwise Averaged Heat Transfer 

Figure 6 snows Nusselt number as a function of 
anqle from the stagnation point for the four cases 
mentioned above. All the data on Fig. 6 were ta!;en at 
a Reynolds number based on free stream conditions and 
cylinder diameter of 177 000. Low turbulence data 
were taken with clear tunnel and high turbulence data 
were taken with a biplane grid. The qrid produced 
turbulence of about 2.4 percent with a scale of 
0.50 cm (0.20 in). Also plotted on the figure is an 
exact solution of the laminar boundary layer equations 
due to Ref. 1. The data shown on Fig. 6 were for the 
cylinder without the afterbody; data taken with the 
afterbody in place were found to be identical within 
experimental error. 

Smooth Surface - Low Turbulence . The agreement 
between the exact solution and the smooth cylinder, 
low turbulence data is well within the experimental 
error and thus confirms the accuracy of the experi- 
mental method. 

Smooth Surface - High Turbulence . The Nusselt 
number distribution around the cylinder placed down- 
stream of the biplane grid is also shown on Fig. 6. 

The effect of turbulence is to increase the heat 
transfer virtually uniformly around the circumference 
(measurements were only made up to 50 from stagna- 
tion) by about 30 percent. This agrees well with the 
data of other observers; for example the theory of 
Ref. 2 predicts an increase in Nusselt number at the 
stagnation point of 27.8 percent for these conditions. 

Rouq' Surface - Low Turbulence . Aj seen on Fig. 6, 
the addition of sand rouqhness to cylinder surface 
does not change the heat transfer rate at the stagna- 
tion point from the smooth surface case. As the anqle 
from stagnation increases, however, the heat transfer 


rate also increases. This is most likely due to 
boundary layer transition triggered by the roughness 
elements. 

Roug h Surface - High Turbulence . The final set of 
symboTs on Fig. 6 is for the sand roughened surface 
with 2.4 percent free stream turbulence. The effect 
of free stream turbulence is seen to be greater 
nearest the stagnation point where the heat transfer 
rate is again increased by about 30 percent over the 
low turbulence case. As the angle from stagnation 
becomes larger, the high and low turbulence data 
(rough surface) merge as the boundary layer becomes 
more turbulent. 

Surface roughness has no effect on heat transfer 
at the stagnation line but changes the character of 
the boundary layer in the downstream direction. This 
indicates that the boundary layer on the smooth sur- 
face must remain laminar in character at the Reynolds 
numbers tested, i.e. there is no turbulence produced 
within the boundary layer. Free stream turbulence 
must somehow act on a laminar boundary layer to 
augment heat transfer. 

Hot Wire Measurements 

Streamwise traverse . Figure 7 shows the results of 
a streamwise traverse of a single hot wire with the 
wire oriented parallel to the 6.6 cm (2.6 in) diameter 
cylinder axis and as close as possible to the plane 
of the stagnation streamline. An array of 0.05 cm 
(0.02 in) parallel wires spaced 12.5 wire diameters 
apart was located 4.21 cylinder diameters (547.5 wire 
diameters) upstream of the stagnation point. This 
wire array produces vorticity (gradients in the mean 
velocity) in an orientation that can be stretched and 
amplified. The traverse was made from 0.044 t.o 3.06 
cylinder diameters upstream of the stagnation point. 
Shown on the figure are both the mean velocity and 
the root mean square of the fluctuating component of 
velocity. 

The traverse shown was made at a Reynolds number 
based on cylinder diameter of 177 000 and is typical 
of all traverses made over the Reynolds number range 
(31 000 to 177 000). The mean velocity is seen to 
fall monotonical ly as the stagnation region is 
approached. The fluctuating velocity, however, first 
decays as we move downstream from the grid (from right 
to left on Fig. 7) and then sharply increases and 
peaks at about 0.085 cylinder diameters upstream from 
the stagnation point. This peak is far outside the 
predicteo laminar boundary layer thickness of 0.003 
cylinder diameters (Ref. 16). These results are very 
similar to those of fRef. 12). 

Spanwise traverse . Two spanwise traverses of a hot 
wire oriented perpendicular to the cylinder axis and 
centered in the plane of the stagnation streamline 
are shown on Fig. 8. The cylinder leading edge was 
located i.21 cylinder diameters downstream of an 
array of 0.05 cm (0.02 in) parallel wires which were 
spaced 37.5 wire diameters apart. Both traverses 
were made at a Reynolds number based on cylinder 
diameter of 31 000 and are typical of those for the 
complete Reynolds number range. Both traverses are 
presented at the same scale in Fig. 6. For the 
traverse taken at 1.06 cylinder diameters upstream 
from the stagnation line one can clearly see the wire 
wakes in the mean ve 1 city trace. The turbulent 
fluctuations are seen to be high in the wire wakes 
and Ice in the realtively undisturbed flow between 
wires. At 0.0095 cylinder diameters upstream, the 
level of the mean velocity is greatly decreased. The 
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depth of the wake Is seen to be increased which 
indicates an increase in vorticity as the stagnation 
region is approached. The fluctuating component of 
velocity is also seen to Increase in the wi r e -akes 
as the stagnation region is approached. 

Circumferential traverses . A hot wire oriented 
parallel to the cylinder axis and located 0.012 
cylinder diameters from the cylinder surface was 
traversed in the circumferential direction +21* at a 
1'eynolds number based on cylinder diameter of 125 000. 
Figure 9(a) shows the traverse made for the clear 
tunnel case, i.e. free stream turbulence intensity 
less than 0.5 percent. The mean velocity is seen to 
Increase with angle as the flow accelerates around the 
body. The fluctuating component of velocity has a 
minimum at the stagnation point. This functional form 
of the fluctuating velocity with angle is independent 
of Reynolds number for all flows tested with the clear 
tunnel. Figure 9(b) shows the same quantities but 
with an arr u y of parallel 0.05 cm (0.02 in) wires 
spaced 12.5 wire diameters apart located 547.5 wire 
diameters upstream of the stagnation line. The mean 
velocity trace is Identical to that for the clear 
tunnel. However, the fluctuating velocity has com- 
pletely changed. Tne minimum at the stagnation line 
seen in the clear tunnel case has changed to a maximum 
and the level away from the stagnation region is 
decreased. The large variations in fluctuating veloc- 
ity with angle seen in the clear tunnel case have been 
damped. This change in character is Reynold number 
depenaent; below a Reynolds number of 95 000 based on 
cylinder diameter (730 based on wire diameter), the 
fluctuating velccity has a minimum with or without a 
wire array as seen in Fig. 9(a). Above a Reynolds 
number of 95 000 the fluctuating velocity looks like 
Fig. 9(b). We have no explanation for this 
phenomenon. 

Simultaneous Flow - Thermal Visual ization 

The smoke wire flow visualization technique was 
combined with the liquid crystal thermal visualiza- 
tion technique to show the relationship between span- 
wise variations in heat transfer and vortices in the 
stagnation region. These vortices were formed from 
the wakes of wires upstream of the cylindrical lead- 
ing edge arranged as shown in Fig. 5. Figure 10 is a 
photograph of the leading edge region for the 6.6 cm 
(2.6 in) diameter cylindrical leading edge model with 
afterbody taken at a Reynolds number of 13 000. Note 
that the Reynolds number for the wires is about 100; 
for wire Reynolds numbers less than 120, the wakes are 
laminar, i.e., no Karman trails are formed. The dark 
lines on the surface of the model were drawn in a 
1.27 cm (0.5 in) square grid pattern for visual 
scaling. Figure 11 is a sketch of the model and 
relative camera position. 

The smoke shows that a vortex pair is formed from 
the wake of each wire. The vortices are well outside 
the theoretical laminar boundary layer. The dark, 
vertical stripes in the liquid crystal are regions of 
low temperature and thus high heat transfer. Thus, 
contrary to expectations, the picture shows that the 
reqions of high heat transfer are not under the vor- 
tices but between vortex pairs where the free stream 
turbulence was seen to be a minimum. In this region 
the induced velocity from neighboring vortex pairs is 
directed toward the cylinder surface. Conversly, the 
reqion of minimum heat transfer is seen to be directly 
under the vortex pair. This was the reqion of highest 


free stream turbulence as measured by a hot wire out- 
side the boundary layer. Figure 12 shows schemat- 
ically th» spatial relationship of the wires, wakes, 
vortex pairs and the peaks in heat transfer. 

The heat transfer-vortex pattern was observed to 
be the same for all three mooels shown in Fig. 4. For 
the cylinder without the afterbody the heat transfer- 
vortex pattern remained unchanged relative to the 
model with the afterbody. The half size model with 
afterbody had the same heat transfer pattern but the 
vortices appeared smaller in diameter at the same 
free stream velocity. The spanwise spacing of vortex 
pairs remained equal to the wire spacing. The 
Reynolds number for the half scale model was one-half 
that for the large cylinder with afterbody. 

The spanwise heat transfer coefficient variation 
along the stagnation line, (i.e, maximum h - minimum 
h)/0.5 (maximum h + minimum h) was found to vary from 
7 percent at a Reynolds number of 16 000 to 16 percent 
at a Reynolds number of 89 000 for the half scale 
model. This is the same magnitude found in Ref. 21 
for spanwise variations in mass transfer caused by 
periodic irregularities in a screen. Similar measure- 
ments were not made for the other models. 

High speed motion pictures of smoke near the 
stagnation point of the cylinder without afterbody 
were taken at a Reynolds number of 13 000. They 
showed that vortices still were formed in the stagna- 
tion region but the stagnation point oscillated back 
and forth due to alternate vortex shedding from the 
rear of the cylinder. 

Vortices were only visible for Reynolds numbers 
based on wire diameter of less than about 120. At 
higher Reynolds numbers the wire wakes became unstable 
and finally fully turbulent making it impossible to 
see the vortices. The heat transfer pattern, however, 
regained unchanged at all Reynolds numbers indicating 
that the vortices must still be there but could not be 
seen. A time exposure photograph was taken hoping 
that the random fluctuations from the wire wakes would 
be averaged out and the relatively steady vortex pat- 
tern could thus be made visible. The random fluctua- 
tions were indeed averaged out but no steady vortices 
could be seen. 

SUMMARY OF RESULTS 

In this report, preliminary results of a study to 
investigate the relationship between free stream tur- 
bulence and heat transfer augmentation in the stagna- 
tion region were presented. The effect of free stream 
turbulence and surface roughness on spanwise averaged 
heat transfer was investigated. Turbulence measure- 
ments were made upstream of a cylinder placed in the 
wake of an array of parallel wires that were perpen- 
dicular to the cylinder axis. Finally, flow visual- 
ization and thermal visualization techniques were 
combined to show the relationship between vortices in 
the stagnation region and spanwise variations in heat 
transfer'. 

The major conclusions were: 

1. Surface roughness has no effect on heat 
transfer at the stagnation point. 

2. Free stream turbulence has the same effect 
on heat transfer at the stagnation point for smooth 
and rough cylinders. 

3. The boundary layer downstream of the stagna- 
tion point remains laminar in the presence of free 
-tream turbulence and is forced into transition by 
surface roughness for the range of Reynolds number 
and turbulence levels tested. 
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4. Vorticity in the form of mean velocity gradi- 
ents is amplified as it approaches the stagnation 
region. 

5. Turbulent fluctuating velocity is amplified 
as it approaches the stagnation region, reaches a peak 
and then is damped as it approaches the boundary 
layer. 

6. Heat transfer in the stagnation region is a 
maximum where turbulent fluctuations were found to be 
a minimum. This occurred between the wakes formed by 
parallel wires upstream and perpendicular to the axis 
of the cylinder. This corresponds to the region 
between vortex pairs wi«.;d the velocity induced by 
the vortices was toward the cylinder surface. Con- 
versely, the minimum heat transfer occurred where the 
induced velocity was away from the cylinder surface. 

7. Vortices formed ir he stagnation region 
from mean velocity gradients are weil outside the 
theoretical laminar boundary layer. 
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Figure L - Schematic of wind tunnel. 



Figure 2. - Spanwise average heat transfer model. 
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Figure 3. - Photograph of heat flux guage. 



Figure 4 - Liquid crystal heat transfer models. 
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Figure 5. - Traversing cylinder and upstream array of wires. 
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Figure 6. - The effect of free-stream turbulence 
and surface roughness on spanwise averaged 
heat transfer for a cylinder in crossflow. 
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Figure 7. - Streamwise traverse of a hot wire close to the 
stagnation streamline. 
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Figure 8. - Spanwise traverses of a hot wire near the cylinder stagnation point (NOTE: Abscissa of RMS 
and mean velocity plots offset slightly due to pen offset on x-yy' recorder. ) 
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(b) Wire array upstream. 


Figure 9. - 0-direction hot wire travcr?* Rei 
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Figure 10. - Combined thermal and flow visualization or cylinder in 
cross flow. 
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Figure 11. - Liquid crystal model and relative camera position. 
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Figure 12. - Schematic showing relationship of wire produced 
wakes, vortex pairs and peaks in heat transfer. 


